Pulsed, single-mode cavity ringdown spectroscopy

Roger D. van Zee, Joseph T. Hodges, and J. Patrick Looney

We discuss the use of single-mode cavity ringdown spectroscopy with pulsed lasers for quantitative gas
density and line strength measurements. The single-mode approach to cavity ringdown spectroscopy
gives single exponential decay signals without mode beating, which allows measurements with uncer-
tainties near the shot-noise limit. The technique is demonstrated with a 10-cm-long ringdown cavity
and a pulsed, frequency-stabilized optical parametric oscillator as the light source. A noise-equivalent
absorption coefficient of 5 X 107'° cm ™! Hz~'/2 is demonstrated, and the relative standard deviation in
the ringdown time (o, /7) extracted from a fit to an individual ringdown curve is found to be the same as
that for an ensemble of hundreds of independent measurements. Repeated measurement of a line
strength is shown to have a standard deviation <0.3%. The effects of normally distributed noise on
quantities measured using cavity ringdown spectroscopy are discussed, formulas for the relative standard
deviation in the ringdown time are given in the shot- and technical-noise limits, and the noise-equivalent

absorption coefficient in these limits are compared for pulsed and continuous-wave light sources.
OCIS codes: 000.2170, 020.3690, 120.3930, 300.3700, 300.6390.

1. Introduction

An incredible growth in use of the cavity ringdown
technique has occurred during the past decade.-3
One of the much heralded merits of cavity ringdown
spectroscopy (CRDS) is the sensitivity with which
absorption coefficient measurements can be made.34
In fact, in the shot-noise limit, the noise-equivalent
absorption coefficient lies between 108 and 10713
cm ™~ ' Hz V2 for realistic cavity and laser parameters.
At the lower limit, this sensitivity corresponds to a
number density of 10'*> m 2 water molecules if the
(101) < (000) band were probed and 10° m™2 mole-
cules of carbon dioxide using the (00011) < (00001)
band. This sensitivity makes the technique attrac-
tive for measuring the residual gases in vacuum sys-
tems or the trace constituents of bulk gases. The
associated precision hints at the possibility of a pri-
mary pressure standard based on absorption coeffi-
cient measurements. We have argued previously
that the most sensitive and precise measurements
can be made using a single-mode approach to
CRDS.56 In this paper we demonstrate an imple-
mentation of single-mode CRDS, using a pulsed laser
system, with sensitivity near the shot-noise limit.
Figure 1 illustrates the concept of pulsed, single-
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mode CRDS.5-7 Panels (a) and (b) show the power
spectrum and the temporal shape, respectively, of a
pulse of light incident on the cavity. Superimposed
on the spectrum is the cavity’s longitudinal-mode
structure. The resonances of this progression, repre-
senting a single transverse series [i.e., fixed (m, n)
indices], are separated by the free spectral range
(FSR), which is equal to the speed of light ¢ divided by
twice the cavity length [ (FSR is ¢/2[). For the high-
reflectivity mirrors used in ringdown cavities (R >
0.9999, typically), a Lorentzian function provides an
excellent approximation to the functional form of each
peak, but for the high-finesse cavities typical of CRDS
the widths are so narrow (from 10 kHz to 0.5 MHz)
that individual modes appear as vertical lines on the
abscissa of panel (a). Panel (c) shows the spectrum of
the exiting flux, and panel (d) the corresponding time
profile. The spectral profile is greatly altered because
of the inherent frequency selectivity of a ringdown cav-
ity. To do pulsed single-mode CRDS, the length of the
cavity must be chosen so that its FSR is large com-
pared with the spectrum of the incident field, as shown
in panel (a). This choice allows a single cavity mode
to be excited, which ensures that the decay signal will
be a simple exponential, as shown in panel (d). Sim-
ilarly, when a single mode is excited, transverse-mode
beating cannot occur. Furthermore, because the
ringdown cavity is excited with light spanning a nar-
row frequency interval, there is no need to deconvolute
the decay signals spectrally. In contrast to single-
mode CRDS, in conventional pulsed CRDS the inci-
dent spectrum is significantly larger than the cavity’s
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Fig. 1. Illustration of the concept of single-mode CRDS using
realistic experimental parameters. Panels (a) and (b) show, re-
spectively, the power spectrum of the incident light compared with
the cavity mode spectrum, plotted in units of the free spectral
range (FSR is ¢/2[) and the temporal profile of the incident light,
plotted in units of the cavity round-trip time (¢, = 2{/c). Panel (c)
shows the spectrum of the exiting radiation, and panel (d) shows
the simple exponential decay signal expected as a result of exciting
a single mode.

FSR, and consequently light is coupled into several
longitudinal—and wusually transverse—modes.>7:8
This multimode excitation gives a ringdown signal
that is a recurring series of pulses arising from
longitudinal-mode beating and, when the incident
light is not well mode matched into the cavity,
transverse-mode beating. As light leaks from the
cavity or is absorbed, this complicated signal slowly
decays. Often, ringdown signals are electronically fil-
tered to remove the faster beat notes from the slower
decay. However, this decaying envelope can be a
multiexponential function because the modes that are
excited will have different absorptive losses, and dif-
ferent transverse modes can have differing empty-
cavity losses. Extracting quantitative data from
these ringdown signals therefore requires deconvolv-
ing the contributions of the excited modes. In addi-
tion to being cumbersome, this deconvolution
compromises measurement sensitivity.8-11

As shown in Fig. 1 and discussed thus far, the
cavity length has been fixed, which dictates that only
the narrow frequency interval about the cavity reso-
nance is transmitted. However, when measuring
absorption spectra with single-mode CRDS, one
wishes to measure the spectra as a continuous func-
tion of frequency. There is a solution to this conun-
drum: vary the cavity length. By tuning the center
frequency of the incident light and concomitantly
varying the cavity length to keep the cavity reso-
nance tuned to the center frequency, as illustrated in
Fig. 2, complete and continuous absorption spectra,
requiring no deconvolution, can be measured with
single-mode CRDS.
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Fig. 2. Illustration of the measurement of the absorption coeffi-
cient as a continuous function of frequency using single-mode
CRDS. Initially, the laser and the cavity resonance are at one
frequency (solid curves). The ring-down time, and thereby the
absorption coefficient, is measured. The laser frequency is then
changed, and the cavity length is varied so the cavity resonances
are shifted to follow the laser (dashed curves). The abscissa is in
units of the cavity FSR.

Using the single-mode approach offers important
advantages over the conventional multimode, long-
cavity implementation of CRDS. The most impor-
tant of these is that, as already noted, the ringdown
signal as a function of time is a single exponential.
Specifically, for a transform-limited Gaussian pulse
that is tuned onto a single cavity mode, the measured
voltage is given by>-7

V27 [e(1 - R)]? t
V(t; (,\))z%pfmnT T %G exp _m

+ Vbl + E(t), (1)

o)

if we assume that the photodetection system faith-
fully replicates the exponential form of the ringdown
signal. In Eq. (1) the first terms account for the
quantity of light that gets into the ringdown cavity:
€, is the pulse energy incident on the cavity and f,,,,,
is the fraction of the incident energy that couples into
the transverse mode (m, n). The next two factors
account for the spectral overlap between the incident
field and the cavity mode, where the incident field has
an exp(—1/2) power spectrum width of o, (in dimen-
sions of angular frequency w) and the cavity is of
length [ with mirrors of reflectivity B. The detector
responsivity % and transresistance gain G account
for the conversion of the exiting optical power into a
voltage. The next term in the product is the expo-
nential decay in time ¢ of the signal, with a time
constant called the ringdown time 7(w). Any base-
line signal is accounted for by V}, and noise by €(¢).
The time constant of the decay, the ringdown time
T(w), depends on the mirror reflectivity and varies



across an absorption profile according to the func-
tion6.7

l
c[1-R)+ a(w)]’
where a(w) is the sample absorption coefficient. Re-

arranging Eq. (2) yields the following simple expres-
sion for a(w):

(2)

T(w) =

OL((.O) _ Tempty — T(w)
CTemptyT("J) '

3)

Thus measuring the absorption coefficient simply in-
volves determining two time constants [ 7., = ring-
down time for an empty cavity or at a frequency
where a(w) =~ 0]. It is worthwhile to note that ex-
tracting the absorption coefficient does not depend on
the actual length of the ringdown cavity, a unique
and simplifying feature of CRDS.

The absorption coefficient itself is related to the
number density of the absorbing species n, the line
strength S, and the integral-normalized line-shape
function f(w) through the relationship!2

a(w) = 2menSf(w). (4)

Accordingly, if partial pressure and temperature are
known, n can be calculated and the product Sf(w) can
be determined from Eq. (3). Similarly, if S and f(w)
are known, the number density can be extracted.

In this paper we discuss an implementation of
single-mode CRDS. First, the experimental appara-
tus is described. The measurement of this system’s
noise-equivalent absorption coefficient and a rovi-
bronic line strength of molecular oxygen are pre-
sented to illustrate the power of the single-mode
approach to CRDS. The effects of normally distrib-
uted noise on the relative standard deviation in the
ringdown time and absorption coefficient are dis-
cussed. Finally, the detection limits in pulsed and
cw single-mode CRDS experiments are compared,
and the potential use of single-mode CRDS for stan-
dards measurements is discussed.

2. Experiment

A frequency-stabilized laser system and a length-
stabilized ringdown cavity are required to implement
successfully a single-mode cavity ringdown experi-
ment. The following paragraphs describe the appa-
ratus’® and data reduction process used here to
illustrate single-mode CRDS.

A. Ringdown Cavity

Although a ringdown cavity has inherent frequency
selectivity, variations in the cavity length will cause
the transmitted frequency to vary. The equation
3l = (dw/w)l helps quantify the magnitude of the
stability required. At optical frequencies, to achieve
~1-MHz frequency stability, the cavity length varia-
tions must be <0.25 nm. For these experiments,
stabilization was achieved by constructing a chamber
from a nickel-iron austenitic alloy, chosen for its

comparatively low coefficient of thermal expansion
(=10~® K1), and housing the ringdown assembly in
a temperature-regulated enclosure. A platinum re-
sistance thermometer was embedded in the cham-
ber’s body to monitor the temperature. The diurnal
temperature stability was =10 mK, and the short-
term (~1-h) stability was better than =2 mK. The
uncertainty in the temperature measurement was
estimated to ~10 mK. A diaphragm-backed drag
pump evacuated the O-ring sealed cavity, and a ca-
pacitance diaphragm gauge was used to measure the
chamber pressure. The chamber pumped down to
<100 mPa; when the valve connecting the chamber to
the pump was closed, the leak rate was ~3 Pa h™ .
The cavity was filled to ~0.2 kPa for the spectra
shown below. This pressure measurement had an
uncertainty of =1%. Oxygen with a stated purity of
99.999% was used without further purification, and
the sample was assumed to be composed of isotopes in
the naturally occurring abundances.

A pair of 20-cm radius-of-curvature dielectric mir-
rors ~10.5 cm apart formed the ringdown cavity.
Total empty cavity losses varied between 25 X 10~¢
and 45 X 10~ ° per pass depending on the cleanliness
of the mirrors and cavity alignment. One mirror
was attached to a tubular piezoelectric element,
which permitted scanning of the ringdown cavity
length and hence the cavity resonant frequency.
This cavity length and mirror curvature combination
corresponds closely to the degenerate condition in
which the longitudinal- and transverse-mode spac-
ings are 1.5 GHz and 500 MHz, respectively. This
geometry was chosen so that the transverse-mode
spacing greatly exceeded the width of the field spec-
trum of the incident laser light.

B. Light Source

Light for these measurements was generated with an
injection-seeded, pulsed optical parameter oscillator
(OPO) similar in design to that described by Alford
and co-workers.415 The oscillator was a singly res-
onant, three flat-mirror ring arranged to form a right,
isosceles triangle. The geometric length of the ring
was nominally 12 ecm. A 1-cm-long potassium tita-
nyl phosphate crystal cut for type II critical phase
matching served as the optical parametric-
generating medium. The frequency-doubled, spa-
tially filtered output of a 10-Hz, injection-seeded
Nd®":YAG laser pumped the OPO crystal. The
~760-nm output of a cw, external-cavity diode laser
seeded the OPO signal wave. The oscillator ring
was dither locked to this seed laser, and firing of the
pump laser was synchronized to the dither so as to
minimize frequency jitter. The seed laser, in turn,
was frequency stabilized against a transfer cavity.
This 30-cm-long transfer cavity,16:17 to which both the
OPO and Nd®":YAG's seed lasers can be locked, was
itself locked to a commercial He—Ne laser that was
frequency stabilized by intensity balancing the polar-
ized light of adjacent longitudinal modes. This
He—Ne laser provided the absolute frequency stabil-
ity of the system, and the drift in the central fre-
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quency of this laser was measured, by monitoring the
heterodyne signal generated by beating against an
iodine-stabilized He—Ne laser, to be ~1 MHz per day.
The error signals for locking the transfer cavity and
the seed lasers were produced using the standard
dither-lock scheme. Before being directed to the
transfer cavity, the seed laser was double passed
through an acousto-optic modulator. The modulator
and beam were aligned in a way that eliminated
deflection of the beam after the second pass.’® Fur-
thermore, the double pass gave a net frequency shift
of up to 250 MHz, which allowed tuning of the seeded
laser from one transverse mode of the transfer cavity
to the next. The resulting frequency stability was
estimated from the fluctuations in the error signals to
be better than 3 MHz. In seeded operation and
when pumped with a fluence of ~2 J cm ™2, the OPO
generated ~1 mdJ of signal light in an ~4.5-ns-long
pulse. The power spectrum was measured by hold-
ing the OPO frequency fixed and scanning the ring-
down cavity through an isolated cavity resonance.
The power spectrum was well characterized by a
Gaussian function with a full width at half-maximum
(FWHM) spectral bandwidth of ~115 MHz. The M2
statistic,1 a comparison of the beam to a diffraction-
limited beam, was 3.4 and 4.7 in the horizontal and
vertical directions, respectively.

Several measures maximized coupling into the
lowest-order transverse-electromagnetic mode
(TEM,,). The OPO beam was spatially filtered us-
ing a lens and a ruby pinhole, and the waist at the
pinhole was imaged2° into the ringdown cavity with a
second lens. The mirrors that directed the light to
the cavity were mounted on a translation stage,
which permitted control of the position of the waist
created by the second lens. By fixing the OPO fre-
quency and scanning the cavity length over a FSR of
the cavity, different transverse modes could be ob-
served with a charge-coupled device camera and pho-
todiode. This procedure made it possible to adjust
the alignment so as to maximize coupling into the
TEMg, More than three quarters of the transmit-
ted light was in the TEM,,, mode, and no mode with
a transverse-mode index sum (m + n) greater than 2
was appreciably excited.

C. Data Acquisition and Reduction

A commercial Si-p-i-n photodiode and amplifier pack-
age with a 125-MHz bandwidth was used to monitor
the ringdown signals. The output was terminated
into 50 Q at the input of an analog-to-digital con-
verter that sampled the signal at a rate of =10° Hz.
The digitized ringdown signals were transferred to a
computer and processed on a shot-by-shot basis.
Decay time constants were determined from
weighted least-squares regressions to individual
ringdown curves.2! The average value of the base-
line signal that immediately preceded each exponen-
tial decay was determined and subtracted from the
ringdown signal. After taking the natural loga-
rithm of the baseline-corrected signal to linearize the
signal, the ringdown time constant as well as the
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initial signal level was extracted from the best-fit
slope and intercept, respectively. A best estimate of
the variance was used to weight each point along the
ringdown curve.2!

The variance of the ith sample along the single
exponential decays observed in the experiments re-
ported here can be grouped into two components:
shot noise on the exiting photon flux and technical
noise in the detection system. The shot noise is a
function of the signal level V, (units of volts), photon
energy fiw, digitization time interval A¢, the detector
responsivity % (units of amperes per watt), and trans-
resistance gain G (units of volts per ampere). There
are two contributors to the technical-noise variance
Oieen’:  the detection system variance and a digitizer
variance. The first of these, the detection system
variance o4, accounts for electrical noise in the pho-
todiode and amplifier, cabling, and digitizer circuit.
The other, the digitizing variance, arises from the
finite vertical voltage resolution of the digitizer and is
a function of the full-scale voltage Vi, and the number
of bins N. Ifthe noise sources are large compared to
an individual bin [(0 g0t nojse> + Tge2) " > Vi /N], the
probability that a sample will land at a particular
location across the bin should, on average, be con-
stant. The probability distribution is therefore rect-
angular, and the variance can be computed and
added to the others. Summing these three, the shot
noise, the detection system noise, and the digitization
variances, gives the total variance in the ith point o,
in the ringdown curve. Before transformation from
linear to logarithmic coordinates, for o,? this summa-

tion gives
hoRGV, . 1(Vg\?
=———+04 +— . (5)

At

2
g;

3 \2N

Operationally, the shot noise was calculated using
parameters for the detector that was used in these
experiments, and the measured variance in the base-
line preceding the ringdown signal was taken as a
measure of the technical-noise variance throughout
the ringdown curve.

Inspection of Eq. (5) reveals that, if at the begin-
ning of a ringdown curve technical noise dominates
the variance, then it will do so throughout the ring-
down curve, and even if the shot-noise term domi-
nates at first, the technical noise will eventually
surpass the shot-noise term. This trend is expected
because the technical noise is unchanged throughout
aringdown curve whereas the shot noise decreases as
the signal decreases. For CRDS, a shot-noise-
limited ringdown curve can be defined as a decay
trace for which the shot-noise term constitutes the
major portion of the combined variance over some
significant fraction (e.g., three time constants) of the
overall ringdown curve.

3. Resiults

In this section we discuss data gathered using the
pulsed single-mode CRDS apparatus described
above. First, individual ringdown traces and the as-



sociated statistics are considered. Then spectra of
an individual rovibronic line of the molecular oxygen
A band are shown for neat, rarefied oxygen and for
oxygen mixed with molecular nitrogen at pressures
at which the line profile broadens. The statistics
associated with these line-shape measurements are
also discussed.

A. Individual Ringdown Curves

The precision with which the ringdown time constant
is measured ultimately determines the precision with
which a line strength or number density can be mea-
sured. As discussed above, the uncertainty in the
ringdown time will be minimized when shot noise
dominates the noise along most of the ringdown
curve. In this case, the relative standard deviation
in the ringdown time will simply be the reciprocal of
the square root of the number of detected photons+6.7
or,

o o 1/2
2 } (6)

0. _ 21
1w e =R)|| 27 €,f,n1(w)

Experimentally, this limit is asymptotically ap-
proached when the sampling rate is fast compared
with the ringdown time and the technical noise is
brought below the shot noise for some significant frac-
tion of the ringdown time. The residuals of an expo-
nential fit from a near-shot-noise-limited ringdown
curve will be randomly distributed within a band that
looks like a funnel, with the largest residuals at early
times, where the signal is largest. For later times,
the residuals will then be confined to a constant band
determined by the technical noise. If, on the other
hand, technical noise dominates throughout a ring-
down curve and each point is statistically indepen-
dent,?2 the relative standard deviation in the ringdown
time is

. 20 0c 2A¢ ]V?
g, Otech |: :| (7)

B ()

T(w) Vit =0;w)
In the technical-noise limit, the residuals to an expo-
nential fit will be distributed within a constant band
with time.

Figure 3 displays a typical ringdown curve. The
signal exhibits simple exponential behavior over five
time constants. The value of reduced x* = 1.08 con-
firms that Eq. (1) models the data well and that the
data have been correctly weighted.2! The relative
standard deviation in the ringdown time o_/T was
extracted along with the fit parameters and equals
3 X 107* Plotted beneath the signal are the fit
residuals. Within the signal-to-noise limits of this
data, these residuals show no systematic effects such
as mode beating and are constant, indicating that
technical noise dominates. The striation in the re-
siduals at long times is an artifact of the digitization
process.

Examining the statistics associated with many in-
dependent measurements of the ringdown time can
provide additional information about the measure-
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Fig. 3. Panel (a) shows a typical ring-down curve after the base-
line has been subtracted. Note that the data span nine time
constants. The best-fit value of the ring-down time is 9.502 ps,
with a relative standard deviation o/t of 3 X 1074 Panel (b)
shows the residuals to the fit. The solid curves are twice the
standard deviation for the shot noise at the fluence of this trace,
and the dashed curve is twice the standard deviation for the tech-
nical noise measured in the baseline preceeding the ring-down
signal.

ment precision. When the shot-to-shot variations in
the ringdown time result from statistical rather than
systematic effects, the fractional uncertainty deter-
mined from fitting an individual curve (o./7) should
be the same as the relative standard deviation from
the ensemble of independent measurements (o, s/
), where o, and 7 are the standard deviation and
mean value, respectively, of the ensemble of ring-
down times.2! In addition, in the ideal case the mea-
surements should be normally distributed about the
mean. In practice this condition is not always met,
and ensemble-based uncertainties in ringdown times
often are found to be greater than those determined
from fits to individual traces, thereby diminishing the
sensitivity of the measurement. Such nonideal be-
havior can be linked to factors including low-
frequency electronic noise or drift, inadequate
determination of the baseline, and multimode excita-
tion of the ringdown cavity.

To demonstrate the equivalence of the single-shot
statistics and the ensemble statistics, Fig. 4 exhibits
cumulative probability distributions (CPD’s).23.24
The CPD for ringdown times extracted from fitting a
set of 500 individual ringdown curves is shown in Fig.
4 by the open circles. From these independent mea-
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Fig. 4. Cumulative probability distributions (i.e., the fraction of
an ensemble of independent measurements with a value equal to
or less than a given value of 7 as a function of 1) for the measured
(open circles) and a calculated distribution (solid curve). The
measured distribution is based on 500 ring-down measurements.
The calculated distribution is based on the mean standard devia-
tion extracted from individual fits to ring-down curves (o) and the
mean ring-down time 7.

surements, T and o, ., were computed. For each of
the individual ringdown curves, the standard devia-
tion in the fit-determined ringdown time o, was also
calculated,?! and from these the mean fit-based stan-
dard deviation in the ringdown time (o) can easily be
determined. The CPD for a normal distribution can
then be calculated using (o,) and 7. This calculated
distribution is superimposed on the measured CPD in
Fig. 4. Visual inspection shows that the two distri-
butions are in good agreement. The extent of agree-
ment can be quantified with the Kolmogorov—Smirnov
statistic.23-2¢ This statistic tests the hypothesis that
two CPD’s represent the same parent distribution.
For the data and the normal CPD shown in Fig. 4, the
Kolmogorov—Smirnov statistic is 0.004, indicating a
far less than 1% probability that the measured and
calculated distributions are different.232¢ Further-
more, this observation demonstrates that shot-to-shot
variations in this experiment are not driven by unex-
plained fluctuations in the properties of the incident
light or the ringdown cavity.

Measurement of the ensemble statistics allows cal-
culation of the noise-equivalent absorption (NEA) co-

efficient. For data collection at a rate of f,,, the
NEA is*6
NEA = (2/fiq,)"/2 228 (8)
cT
Equation (8) shows that decreasing o ., or increas-

ing the repetition rate or ringdown time decreases
the NEA. For the statistics presented above, the
NEA is 5 X 1071° em ™! Hz V2, indicating that an
absorption coefficient of 5 X 107'° ecm ™! could be
distinguished from empty cavity losses during a 1-s
measurement interval, with 68% or one sigma cer-
tainty, provided that the repetition rate is large
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enough to determine adequately the relative stan-
dard deviation.

With the aid of Eq. (7) and an independent mea-
surement of the various noise levels in the experi-
ment, it should be possible to predict the relative
standard deviation of 7 in these measurements. The
noise in the photodiode and amplifier circuit over the
bandwidth of the digitizer is ~1.5 mV. On the 1-V
scale typically used in these experiments, the digi-
tizer has ~1 mV of noise. The bin size is 0.24 mV.
When added in quadrature, these numbers yield a
Otech Of ~2 mV. For a ringdown signal sampled at
10° Hz and having an initial level of 0.7 V, this stan-
dard deviation, in turn, predicts a relative standard
deviation in the ringdown time of 2.7 X 10~ 4. This
result is in good agreement with the measured value
of 3 X 10~ * reported above. Furthermore, this
agreement and the CPD comparison indicate that the
highest sensitivity possible, given the current noise
levels, has been reached. Ultimate sensitivity
comes, however, when both the single-shot statistics
and the CPD are at the shot-noise limit. Under typ-
ical operating conditions, from 4 X 10® to 1 x 10°
photons are detected in each ringdown curve.
Therefore the relative standard deviation in the ring-
down time would be between 5 X 107° and 3.2 X
1073, six to ten times smaller than the measured
value reported above. Decreasing the noise in the
photodiode and amplifier package, perhaps by using
a detection system with the minimum bandwidth
necessary to maintain the fidelity of the signal, and
decreasing the noise in the analog-to-digital conver-
sion process, perhaps by using a heterodyne detection
scheme,?526 should make ensemble-based measure-
ments at the shot-noise limit possible.

B. Spectra Measured with Pulsed Single-Mode Cavity
Ringdown Spectroscopy

Because a line shape will vary with total pressure
and because it can be difficult to know the exact
frequency detuning, one might anticipate that, from a
practical stance, the product of the number density
and the line strength nS could best be measured by
recording an entire spectrum. Rewriting Eq. (2) as

1 1
- + nSf(w) 9)

’T((,O)C - Temptyc

shows that the product nS can be extracted from a
linear regression of the measured losses as a function
of f(w) if the line-shape function is known. Again,
note that only ringdown times must be measured to
determine the nS product. The uncertainties asso-
ciated with these fit parameters can again be calcu-
lated, although they cannot be expressed in a simple,
closed form. For a reasonable ratio of mirror to ab-
sorptive losses (say, between 1 and 100) and adequate
sampling of the absorption profile and baseline (say,
ten or more points across the FWHM and a total scan
of four or more FWHM with P total points), numerical
simulations show that the relative standard devia-
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Fig. 5. Three spectra of the ?Q(9) line of the A band of 60, and
a fit of a Doppler profile to the data. The best-fit parameters were
peak losses of 124.9 X 10~ per pass, a FWHM of 857.8 MHz, and
empty cavity losses of 85.6 X 107 ¢ per pass. The pressure was
199 Pa.

tion in the number density line strength product
0,s/nS scales as

0,38

P 1/2
nS 1

(10)

Spectra of the PQ(9) transition of the A band27-28 of
160, at 13093.64 cm ! were measured to evaluate the
precision to which single-mode CRDS could measure
an integrated line strength. The center frequency of
the OPO was varied in 50-MHz increments, and the
cavity length was varied to maintain resonance with
the OPO. At each frequency, ten individual ring-
down time constants were extracted from ten ring-
down curves, and the average was calculated.

Figure 5 displays three consecutive measurements
of the PQ(9) line at a pressure of 199 Pa. Given the
level of technical noise seen in Subsection 3.A, i
could be anticipated that the relative scatter in the
data would be <10 at each detuning. Clearly,
however, the scatter between the independent mea-
surements exceeds this bound. The increased scat-
ter arises because there is an uncertainty of ~5 MHz
between the cavity resonance frequency and the OPO
frequency at each detuning. This uncertainty re-
sults in a larger than expected variation in the cavity
losses at each detuning from scan to scan. Active
locking of the ringdown cavity to the reference He—Ne
laser or to the seed of the OPO, perhaps by a hetero-
dyne beat between the seed and the ringdown sig-
nal,2® would reduce this frequency error.

Also shown in Fig. 5 is a fit of a Doppler profile to
the data, weighted by the reciprocal of the variance of
the measurements at that detuning. Eighteen sim-
ilar spectra were recorded over a period of a month
and individually fit, again using a Doppler line-shape
and published line-shape parameters. The line
strength was determined from a weighted linear re-
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Fig. 6. Pressure-broadened spectra of the ?Q(9) line of the A band
of %0,. The partial pressure of oxygen was ~0.2 kPa in each
scan. Superimposed on each spectrum is a fit using the Galatry
line-shape function and effective line-shape parameters, that is,
the mole-fraction-weighed sum of the O,—N, and 0,0, parame-
ters.

gression of Eq. (8). From these spectra, the line
strength for this transition was determined to be
7.44 X 10"%* cm ™! (molecule cm ™ 2) with a standard
deviation of 1%. The absolute value for the line
strength is 0.6% lower than the commonly used val-
ue.28 The relative standard deviation in the
multiple-scans number reflects both the uncertainty
in the frequency axis already noted and the instabil-
ities and nonlinearities in digitization.

C. Pressure-Broadened Spectra Measured with Pulsed
Single-Mode Cavity Ringdown Spectroscopy

Conventional CRDS has already been used to mea-
sure line shapes.11:30-32  To illustrate use of pulsed
single-mode CRDS to measure line shapes, the
change in the line shape for the ?Q(9) line of the
A-band transition of molecular oxygen is presented in
Fig. 6. Here the line shape is shown for a neat sam-
ple of oxygen at ~0.2 kPa at 295.6 K, at which pres-
sure the line is essentially Doppler broadened. With
this fixed oxygen pressure, varying amounts of mo-
lecular nitrogen were added. The expected increase
in linewidth is observed with increasing nitrogen
pressure. The line strength can be extracted from
these spectra, using published values for the line-
shape parameters and a Galatry line-shape func-
tion.28 Because there are two collision partners, it
was assumed that the effective narrowing and broad-
ening parameters were given by the mole-fraction-
weighted sum of the respective narrowing and
broadening parameters. The fits at each pressure
are superimposed on the measured data. The mean
line strength determined from these data was 7.31 X
10724 ecm ™! (molecule cm %)™, a value 1.1% less than
that reported above and approximately 2% below the
commonly used value.2® The spectra comprising
this data set were obtained over the course of two
weeks, and the standard deviation in the extracted
line strength was equal to 0.28% of the mean value.
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Fig. 7. NEA coefficient as a function of detection system NEP for
cw and pulsed excitation of a 0.5-m-long ring-down cavity con-
structed with mirrors of R = 0.999965. In all cases, 10 mW was
assumed to be incident on the cavity, although the cw linewidth of
the incident light varied as noted in the figure. See Section 4 for
further details.

This number is considerably smaller than the stan-
dard deviation reported above, largely because a digi-
tizer with better precision, linearity, and long-term
stability was used for these measurements. Also the
difference between the two extracted line strengths is
attributed largely to differences in the digitizers used
for the two sets of measurements, and consequently
the extracted line strength of 7.31 X 10~ 2*cm ™! (mol-
ecule cm ™ 2)" ! is believed to be the most accurate of
the two measured values reported in this paper.

4. Discussion

A. Pulsed and Continuous-Wave Single-Mode Cavity
Ringdown Spectroscopy

As noted in Section 1, one merit of CRDS is the sen-
sitivity that the technique offers. In Fig. 7, the NEA
coefficient is plotted as a function of detector noise-
equivalent power (NEP) of the detection system.
Two families of curves are plotted. The dashed
curve represents the NEA for a pulsed laser with a
power spectrum of 100 MHz FWHM, similar to the
laser used in these experiments. The solid curves
are the same quantity for excitation of a ringdown
cavity by a cw source, which would be pulsed by
deflecting the light away from the cavity, perhaps
using an acousto-optic modulator, so that ringdown
measurements could be made.33-35 For both light
sources, the calculations assumed a 50-cm-long cav-
ity, 10 mW of incident power, mirror losses of 35 X
109 and that data were acquired at the maximum
possible repetition rate; to wit, 10 Hz for the pulsed
laser and 2.1 kHz for the cw system, which corre-
sponds to a ten time constant delay between consec-
utive measurements in the latter case.

All the curves share a common general form. For
low values of NEP, the NEA is constant, then begins
increasing as NEP increases, eventually increasing
linearly with NEP. These features are easily under-
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stood. At the low NEP values, the contribution of
technical noise to the relative standard deviation in 7
is negligible; only shot noise, which does not vary,
contributes. Accordingly, NEA is unaffected and
constant. At some point, depending on the initial
value of the signal, which in turn depends on the ratio
of the laser-to-cavity linewidths, technical noise be-
gins to contribute to the relative standard deviation
in 7, and NEA begins to increase. When only tech-
nical noise contributes to the relative standard devi-
ation in 7, NEA continues to increase and does so
linearly in the NEP, as Eqgs. (3) and (7) predict.

Comparison of the relative values of the pulsed and
cw laser NEA values is another point to be observed
from Fig. 7. For reference, it should be noted that a
typical commercial Si-p-i-n detector and amplifier
will have a NEP between 10 nW Hz /2 and 0.5 pW
Hz '/2, and an infrared wavelength-sensitive detec-
tor of comparable bandwidth will generally have a
larger NEP. In the shot-noise limit, the NEA is
smaller for cw excitation than pulsed excitation for
all the cases considered here, except the 10-MHz cw
linewidth case, corresponding, for example, to a
distributed-feedback diode laser. As the cw laser’s
spectrum narrows, more light is coupled into the cav-
ity and NEA decreases until essentially all the inci-
dent photons can couple into the cavity.

The situation in the technical-noise limit is some-
what more complicated, however. Here pulsed mea-
surements hold an advantage over cw measurements
because, usually, the initial signal size is greater in
the pulsed case, and the relative standard deviation
in the ringdown time is inversely proportional to the
initial signal size [see Eq. (7)]. However, when the
FWHM of a cw source is <1 MHz, the increased
repetition rate of the cw measurement decreases the
NEA compared with the pulsed case, despite the fact
that the relative standard deviation in the ringdown
time (o./7) is larger than in the pulsed measurement
[see Eq. (8)]. When the cw laser linewidth is nar-
rower than the cavity resonance, however, the initial
intensity becomes larger in the cw measurement
than in the pulsed measurement, which reduces the
relative standard deviation in the ringdown time
[compare with Eq. (7)]. The combined advantages of
a small relative standard deviation and the compar-
atively high repetition rate [see Eq. (8)] thereby give
a NEA approximately 100 times smaller in the cw
case than in the pulsed case in this limit.

Many factors could complicate the simplified pic-
ture presented here; most notably, an exact compar-
ison requires comparing specific lasers for a specific
experiment. Furthermore, a laboratory implemen-
tation can be quite different from a conceptualization.
For example, mode matching might be imperfect,
thereby decreasing the flux transmitted through the
cavity and increasing the NEA. In fact, we found it
difficult to achieve field coupling coefficients greater
than approximately 10%. In addition, at the highest
fluences, detectors would be expected to saturate,
making it impossible to take advantage of the added
flux. Nevertheless, these observations point out



general trends and advantageous measurement do-
mains.

B. Pressure Measurements with Single-Mode Cavity
Ringdown Spectroscopy

It is interesting to consider the use of CRDS as a
pressure standard.!® Existing pressure standards
at the National Institute of Standards and Technol-
ogy have fractional uncertainties of 10~2 to 102 be-
tween 1 pPa and 10 Pa and 103 to 10~ ° between 10
Pa and 5 kPa. At the shot-noise limit, the uncer-
tainties associated with a ringdown measurement
are competitive with the uncertainties of these
present standards. For such a standard to be real-
ized, the line strength must be known with the req-
uisite precision and accuracy. For example, the
quadrupole lines of molecular hydrogen36-37 have in-
tegrated line strengths of the order of 102 to 10~ 2¢
cm ! (molecules cm ™ %)~ ! and could, perhaps, be cal-
culated from first principles with the needed accu-
racy. These lines could be wused to measure
pressures between 1 kPa and 1 MPa. Alternatively,
the line strength could be measured at a point where
the number density is well known. An example of
such a molecule would be water because the vapor
pressure at its triple point38 has a fractional uncer-
tainty <2 X 107°. The line strength of one or more
rovibronic transitions of water could be measured at
the triple point. This measurement would yield a
line strength that could be used to measure number
densities at other temperatures and pressures.

An absolute measurement standard demands not
only precision, which has been the focus of the research
presented here, but also accuracy. Systematic errors
arising from inaccuracy in the measurement of the
time and frequency shifts, nonlinearity in signal de-
tection, or any unexpected contribution to the signal
can contribute to measurement inaccuracy. Further
experiments and improvements in the measurement
technique will be required to make a reliable assess-
ment of the system errors. However, based on this
research to date, the linearity of the photoreceiver and
electronics are already known to be important factors
that limit the accuracy to which the quantity nS can be
determined.

5. Conclusion

We have discussed the use of pulsed lasers to carry
out single-mode cavity ring-down spectroscopy and
the effects of normally distributed noise on the mea-
surement uncertainty. A relative standard devia-
tion of ~3 X 10~ *in the ringdown time was measured
on individual ringdown curves and on a set of several
hundred independent measurements. This number
is less than a decade away from the shot-noise limit
at current fluences. Line strengths were measured
for a rovibronic transition of molecular oxygen both in
the Doppler limit and in the pressure-broadened
case. The relative standard deviation in the mea-
sured quantity was found to be <0.3% and agreed
well with previous measurements of the same tran-
sition. Comparison of a NEA coefficient for pulsed

and cw single-mode CRDS measurements showed
that, for many typical measurement configurations,
pulsed measurements can give sensitivities compa-
rable with cw-based measurements.

We thank D. F. Plusquellic for his many helpful
suggestions on the design and operation of the optical
parametric oscillator and transfer cavity and G. T.
Fraser, K. K. Lehmann, G. J. Rosasco, and D. C.
Robie for carefully reading the draft manuscript.
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